Propagated vasodilation has been observed in the peripheral vasculature and may be significant in integrating the behavior of terminal arterioles and larger vessels. We have studied the characteristics of propagated vasodilation induced by acetylcholine in the microcirculation of the cheek pouch of the golden hamster. The technique of microionophoresis was used as a means of achieving relatively precise temporal and spatial application of drugs to single arterioles. Application of acetylcholine to an arteriole usually resulted in vasodilation which spread rapidly upstream and downstream from the point of application at a rate much greater than could be accounted for by diffusion or by other means of movement of the agent. Longitudinal propagation velocities for a series of arterioles 20 to 40/A in diameter averaged 0.02 cm/sec. The propagated response was relatively specific, being induced by acetylcholine but not by histamine, K + , H + , or eledoisin. The response was graded in both extent and magnitude, was propagated bidirectionally from the point of origin, was observed in vessels as small as 15fj, o.d., and could be blocked by lidocaine.
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• Conducted or propagated vasomotor phenomena have been observed in both macroand microscopic blood vessels. Fleish (1), Schretzenmayr (2) and Hilton (3) have reported that vasodilation produced in the distal portion of a limb will spread into the more proximal conduit vessels and that the dilations appear to propagate along the arterial wall. Krogh (4) reported that the application of noxious agents, such as iodine, to the web of the frog's foot resulted in a massive vasodilation which spread over a much larger area than could be accounted for by diffusion of the dilator agent. Similarly, Lutz and associates (5) observed an acetylcholine-induced dilation of arterioles which appeared to propagate beyond the region where a direct action of the drug would be expected by diffusional spread.
Although there is evidence for the existence of a conduction system associated with the peripheral circulation, little is known of the characteristics of the system and the anatomical basis for the response. Hilton (3) concluded that the system resides in the media of the vessels and more specifically in the arterial smooth muscle. However, the fact that the propagated response in the limb could be blocked by degenerative section of the sciatic nerve and by large doses of nicotine suggests involvement of neural pathways.
In the present study, we have investigated the characteristics of the propagated response at the level of the microcirculation and attempted to determine its anatomical basis.
Methods
Experiments were carried out on golden hamsters weighing between 90 and 130 g. Animals were anesthetized with sodium pentobarbital (6 mg/100 g, ip), and the cheek pouch was prepared for observation by a method similar to that of Lutz et al. (5) . The animal was placed on a lucite platform and the pouch was immersed in a well and suffused with a Tris-buffered Ringer solution. Composition of the suffusion solution (mxi) was 137 Na+, 6 K + , 4 Ca + + , and 5 Tris.
DULING, BERNE FIGURE 1
Effect of acetylcholine on a 20/x. arteriole. Pulse durations were 200 msec in each case and amplitudes were 10, 20 and 100 namp for frames B, C and D, respectively. Direction of flow in the arteriole was from left to right. X 100 magnification.
The pH was adjusted to 7.35 and the solution gassed with room air. The temperature of the animal was maintained at 37°C and that of the pouch at 38°C.
Materials were applied to the pouch either by direct addition to the suffusion fluid or by microionophoresis. Microionophoretic application of drugs provides a means whereby minute quantities of drugs may be localized temporally and spatially when applied to single microvessels. The circuits used in microionophoresis and typical responses of the microcirculation have been previously reported (6) . Basically, the technique consists of driving a charged molecule from a micropipette by applying a voltage pulse of the appropriate polarity. Currents used are very small (nanoamperes) and of brief duration (msec) and the effects of substances which do not elicit a propagated response can be confined to a vessel segment only 20 to 40/i long.
Pipettes were filled immediately before use by a method described elsewhere (7) . Concentration of drugs used in this study for microionophoresis were 0.1M acetylcholine, 0.1M KC1, 0.1M HC1, 0.07 mg/ml eledoisin, and 0.1M histamine. The current pulses used for ionophoresis were 200 msec in duration and 5 to 200 namp in amplitude. Figure 1 illustrates typical responses to the application of acetylcholine and shows both propagated and localized responses. Each frame was taken 1 to 2 seconds after acetylcholine application and represents the peak response. After the lowest dose (frame B, 2 namp-sec) the dilation produced was relatively restricted and occurred slightly downstream from the tip of the pipette. As the dose was increased in frames C and D, the dilation was no longer localized but spread across the entire field of view, both up-and downstream from the point of application. In frame D a supramaximal dose of acetylcholine (20 namp-sec) had been applied to the vessel.
Results

CHARACTERISTICS OF THE PROPAGATED VASODILATION
Comparison of frames C and D shows that the propagated response can be graded in amplitude. The propagation velocity in the direction of the longitudinal axis of the vessel was determined from the data in Figure 2 . These data were obtained by placing pipettes on a vessel at a measured distance from the point of observation and then determining elapsed time between the ionophoretic pulse and the appearance of vasodilation. The pipettes were routinely placed downstream from the point of observation to ensure that the drug was not being carried by the blood.
As a means of determining diffusion times under the conditions of our experiments, we applied acetylcholine to the pouch at similar distances from the site of observation but unassociated with any vessel; the time required for a response to occur was noted, as Circulation Research, Vol. XXVI, February 1970 was the dose necessary to elicit vasodilation. When the pipette was free in the tissue, the dose required to produce a response and the elapsed time between ejection of the drug and the observed response were much greater. Figure 2 is a plot of distances from the pipette tip to the site of observation under the two conditions; i.e., with the pipette on or off the vessel. These points were taken from experiments done on selected vessels of 20 to 40/u, o.d. from eight animals. A comparison of the solid circles (pipette on the vessel) and open circles (pipette off the vessel) makes it obvious that there is a fundamental difference in the relation between distance and time in the two conditions, with a much longer elapsed time between application of the drug and an observable response when the pipette is off the vessel. The triangles, both open and solid, show the relation obtained when norepinephrine was applied. In this case there was no difference in the rate of spread of the response whether the pipette was on or off the vessel.
The length of the vessel affected by the application of a dilator agent was not constant but increased in proportion to the applied dose. Although there were occasional points of discontinuity in response, we could find no evidence to suggest that the arterioles are composed of "functional units" with respect to propagated vasodilation. However, since measurements did not exceed 2 mm total length, it is possible that units do exist which exceed this length and therefore would not have been detected.
The characteristics of the ascending vasodilation at branch points were variable. Typically, in regions where arteriolar branches were of approximately equal size, the dilation spread upstream into the parent vessel. When acetylcholine was applied to small side branches arising from a larger arteriole, the dilation usually spread into the larger vessel. However, the converse was usually not seen. That is, dilation induced in a feeding arteriole frequently did not produce an effect on a small terminal arteriolar branch. The limits of the propagated response in terms of the vessel size responding in this fashion were not precisely determined, but it was definitely observed in vessels as small as 15/JL. It has not been possible to determine whether the dilator system exists in vessels smaller than this because their length precludes differentiation of spread by diffusion from that by propagation.
The data of Figure 2 were used in determining propagation velocity of the dilator system. Because of latency between application of the vasoactive agent and the response of the vessel, one cannot determine the velocity as simply the ratio of distance to time. Therefore, the slope of the line through the solid circles in Figure 2 was used. The line of best fit for the points shown gives a conduction velocity of 0.02 cm/sec.
It appears that the local and propagated dilator responses can be separated at times on the basis of the threshold. Frame B in Figure  1 shows what appears to be a local effect of acetylcholine on the vascular smooth muscle. However, the difference in doses producing this type of response and the propagated one is usually very small and it is therefore difficult to be sure that the response is truly nonpropagated. On two occasions we found vessels in which the propagated response clearly preceded the response at the pipette tip. In these vessels a segment several hundred microns from the pipette dilated before the segment directly under the pipette.
EFFECTS OF OTHER DILATOR AGENTS
Several other vasodilator agents were applied to arterioles to evaluate the specificity of the propagated response. Histamine, isoproterenol, eledoisin, H + and K + were all tested. With the exception of isoproterenol, each of these agents produced only localized dilations, and there was no evidence of a propagated response. Acetylcholine was tested on more than 200 arterioles in 20 animals and a nonpropagated response was observed in only two cases. In contrast, H + , K + and eledoisin were all applied to at least 18 arterioles in seven hamsters and in no case did propagated response occur. When isoproterenol was applied, a prolonged and variable latency as long as 40 seconds made it impossible to determine whether the response was propagated or not. Figure 3 illustrates typical responses for three of these agents. Frames A and B are photomicrographs of the same 40/A arteriole. The dose of hydrogen ion was adjusted to produce a maximum dilation similar to that produced by acetylcholine in frame A. In frames C and D different vessels are shown, and these were also tested with acetylcholine at equivalent dilations, and propagation was observed. The restricted nature of the dilations produced by hydrogen and potassium ions and by eledoisin (as compared with the effect of acetylcholine) can be clearly seen.
In an attempt to determine whether this system might be activated by changes in the environment due to altered tissue activity, we produced postcontraction dilation in arterioles by stimulating single skeletal muscle fibers. Such dilations spread over lengths as great as Effects of various dilator agents compared to acetylcholine. Frame A shows the effect of a 200 msec, 20 namp pulse through an acetylcholine-filled pipette. In frame B the dose of hydrogen ion was chosen to give approximately equal vasodilation in the same vessel and the current pulse was 120 namp. Different vessels are shown in frames C and D; these were tested previously with acetylcholine, and approximately equal dilations were then induced with K + and eiedoisin. Pulses were 200 msec, 100 namp for K + and 200 msec, 20 namp for eiedoisin. X 75 magnification.
1.5 mm from the skeletal muscle fiber. Prolonged and variable delay times on the order of 30 seconds made it impossible to determine whether the responses were explicable by diffusion or activation of a conduction system was involved.
BLOCKADE OF THE PROPAGATED RESPONSE
In an attempt to determine the mechanism of spread of the dilation, lidocaine (Xylocaine) and procaine were applied in the suffusion solution. Lidocaine was used in a concentration of 0.6 m\i and procaine in a concentration of 4.0 mM. Both of these agents produced an initial vasoconstriction which
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subsided gradually within 10 to 20 minutes. Application of acetylcholine at this time resulted in a restricted vasodilation which was similar to that seen with the other vasodilator substances. Figure 4 illustrates the results of six experiments in which the distance-time relation was determined before and after lidocaine. In each experiment, the distancetime relation was determined at two points on a single vessel and the measurements were repeated at the same sites 20 minutes after lidocaine suffusion. The propagated response was blocked in five of the six animals. Similar results were obtained with procaine. Effects of lidocaine (Xylocaine) (0.6 min) on the propagated vasodilation. Two points were determined on an arteriole in each of six animals, before lidocaine (solid cirles) and 20 minutes after lidocaine (open circles).
Discussion
These experiments are in agreement with the findings of other investigators (1-5) that a system exists which can coordinate the dilation of large segments of a vessel. The mechanism by which this transmission takes place is not clear. One of the simplest possibilities is sequential activation of the "myogenic response" of vascular smooth muscle with initial dilation of terminal arterioles produced by direct action of the vasodilator. This explanation is untenable in view of the fact that in our experiments the dilation usually progressed bidirectionally from the point of drug application (Fig. 1 ) and hence into regions of the arteriole where pressure was both increased and decreased. Furthermore, it is clear that purely localized dilations can be produced by other agents, as seen in Figure 3 . These two observations would seem to exclude the possibility of a direct mechanical transmission of the dilation.
It seems most probable that the transmission system resides in either the vascular smooth muscle itself or in a perivascular nerve plexus. It is not possible to choose between these two on the basis of the available data, but we feel that there is evidence supporting a neural pathway for the dilation. The fact that the dilation is blocked by lidocaine is consistent with this position and, whereas it is possible that this local anesthetic agent has a direct action on the smooth muscle cells, the relative insensitivity of this tissue to local anesthetics is well known (8) . The specificity of the response for acetylcholine is also difficult to reconcile with mediation of the dilation by vascular smooth muscle. The facts that local dilation can apparently be produced by small doses of acetylcholine and that instances have been observed in which the propagated response is induced at a lower threshold than the direct effect might be explained by the existence of two different excitation mechanisms possessing different characteristics. Although none of these observations prove that the vasodilation is propagated through a neural pathway, they are consistent with this hypothesis.
The major objection to neural transmission is the very low velocity of propagation, which in contrast fits well with velocities observed for some smooth muscle (8) . Although conduction velocities as slow as those reported here have not been observed in any nerve, it may be possible to account for the rate of conduction observed in Hilton's experiments (3) and in our experiments if one takes into account the probable small size of the fibers involved and the existence of a limitation in the size of the extracellular space around the nerve fibers. There is ample evidence for the existence of fibers that are extremely small (9) (10) (11) ; assuming that conduction velocity varies with the square root of the fiber diameter and that the pathway for propagated vasodilation is via small fibers on the order of 0.4/i,, then the extrapolated velocity with unlimited extracellular space would be 1 cm/sec, which is one-tenth the value reported by Hilton but substantially more rapid than observed in our experiments. Caesar et al. (10) have reported that the terminal autonomic fibers are frequently surrounded by lemnoblastic sheaths and it is possible that these might act as limitations to the extracellular space of the neuron. Hodgkin (12) has pointed out that the conduction velocity of a nerve fiber is a function of the resistance per unit length of the extracellular space as well as the resistivity of the axoplasmic fluid. If the space has a width of 0.03^,, as shown in some of Caesar's figures, then using Hodgkin's analysis, one can calculate that the conduction velocity might be as low as 0.04 cm/sec, which is comparable with the values we observed.
Active neurogenic vasodilation has been demonstrated in muscle vascular beds (13) , but evidence for the existence of vasodilator fibers in other tissues is sparse. However, Lutz et al. (5) have shown vasodilation of the microcirculation of the frog retrolingual membrane after neural stimulation, and Berman and Siggins (14) have demonstrated atropinesensitive vasodilation in response to stimulation of nerve fibers in the frog retrolingual membrane. Similar fibers might be stimulated in the cheek pouch by acetylcholine applica-Circulaiion Research, Vol. XXVI, February 1970 tion and thus be responsible for the phenomena reported here. In any case, more extensive experiments will have to be carried out to clearly distinguish neural pathways from those in vascular smooth muscle.
Whereas this system is potentially of value in the integration of tissue function and blood flow, its activation during alterations of either of these parameters has not been demonstrated at the microcirculatory level. We produced postcontraction dilation in arterioles but were unable to determine whether this was a direct effect of a vasodilator or a propagated response. It is unlikely that vasodilator metabolites produced by a single skeletal muscle fiber could result in vasodilation at a distance as great as observed in our experiments (1.5 mm), but it is possible.
A propagated vasodilation has been demonstrated in the larger conduit arteries after skeletal muscle stimulation (3) and Rosenthal and Guy ton (15) have demonstrated that proximal collateral vessels open within a few minutes of occlusion of the femoral artery and suggest that this might be due to propagated vasodilation. Presumably these responses had their origin in the microcirculation, since these vessels are most likely to be affected by the tissue activity. However, the relation between the response induced by acetylcholine in the microcirculation in our experiments and that induced by skeletal muscle contractions in whole limbs is not clear at this time.
